Introduction {#sec1}
============

Membrane technology received its great breakthrough in the early 1960s with the invention of non-solvent-induced phase separation (NIPS).^[@ref1]^ NIPS made it possible to fabricate, in a continuous process, defect-free polymeric membranes with symmetric and asymmetric structures.^[@ref2],[@ref3]^ Because of this breakthrough, membranes are now used on massive scales for the production of drinking water, in kidney dialysis, for the separation of chemicals for biomedical applications, for the separation of gases, and for the treatment of wastewater.^[@ref4]^ Each year this amounts to tens of millions of square meters of membrane material and tens of billions of US dollars.^[@ref4]^ But all this comes at a price. The NIPS process is heavily reliant on the use of dipolar aprotic organic solvents like *N*-methylpyrrolidone (NMP), *N*,*N*-dimethylacetamide (DMAC), and *N*,*N*-dimethylformamide (DMF).^[@ref3]^ These solvents are expensive, flammable, and most significantly harmful to humans (reprotoxic) and the environment.^[@ref5]^ Therefore, residual solvent must be removed from the membranes by post-treatment, and because of high costs and environmental legislation, the solvents must be recycled. REACH legislation first implemented by the European Union in 2008^[@ref6]^ imposes strict time and concentration (in air) limits for NMP, DMAC, and DMF. As of October 2017, the REACH committee agreed to further restrict the exposure limit for NMP with legislation coming into effect in 2020.^[@ref7]^ It is highly likely that similar restrictions will be extended to include other aprotic solvents like DMAC and DMF. Finding alternatives to avoid the use of these solvents is key to the future development and success of the synthetic membrane industry.

In the traditional NIPS process,^[@ref3]^ the aprotic solvent has two important properties: it acts a good solvent for the chosen polymer(s), and it is strongly miscible with water (the typical nonsolvent). When a thin film of the polymer casting solution is immersed in the nonsolvent water, solvent diffuses out of the film and mixes with the water, while the water diffuses into the film. The gradual change in solvent quality leads to a controlled precipitation of the polymer into a porous film. A major advantage of this approach is the control it gives over membrane structure, as the speed of the precipitation process and the rates of solvent and nonsolvent movement (kinetics) together with the type of demixing event (thermodynamics) that occur during phase separation govern the final membrane porosity and structure.^[@ref3]^ In more recent years, some attention has been focused on the preparation of membranes without the use of dipolar aprotic solvents.^[@ref8]−[@ref11]^ Unfortunately, this has simply not led to a real alternative to NIPS---one that gives the same control over the membrane structure without requiring toxic solvents.

For certain responsive polymers, a transition from soluble to insoluble is possible in a completely aqueous environment, for example, by changes in pH or ionic strength for polyelectrolytes.^[@ref12],[@ref13]^ Poly(4-vinylpyridine) (P4VP) is one such polymer. P4VP is a weak polyelectrolyte that consists of monomers with basic pyridine groups that have an effective p*K*~a~ value of 4.5--5.0 when free in solution.^[@ref14],[@ref15]^ Because of the basicity of the pyridine groups, the hydrophilicity of P4VP increases significantly upon lowering pH, which makes P4VP water-soluble under acidic conditions.^[@ref16]^ For higher pH values, the polymer charge is neutralized and P4VP is insoluble in water. Salt concentration also affects the fraction of charged monomer residues and hence the aqueous solubility of the polymer. In this work we propose that the use of pH-responsive polymers such as P4VP could lead directly to an alternative to NIPS, where water is employed as both the solvent and nonsolvent for the polymer. We term this pH-induced phase separation process aqueous phase separation (APS) and will demonstrate that APS provides a clear route to produce membranes with a variety of structures without harmful aprotic organic solvents.

P4VP is already an often-studied polymer for membrane modification due to its desired responsive properties, typically by one of two approaches.^[@ref17],[@ref18]^ In the first method, porous support membranes (prepared by NIPS) are coated with P4VP,^[@ref19],[@ref20]^ while in the second approach, asymmetric isoporous membranes are fabricated via a NIPS-based process utilizing the self-organizing properties of P4VP-containing diblock copolymers, where P4VP forms the walls of the pores.^[@ref21]−[@ref23]^ Pore-filled P4VP membranes exhibit pH-responsive filtration properties, where the water flux decreases drastically below approximately pH 4, slightly lower than the effective p*K*~a~ of P4VP in free solution. Here, at low pH, the pyridine groups are protonated, and the P4VP phase swells to fill the pore volume, thus reducing the effective pore volume of the membrane. Because of the pH-tunable charge density of the P4VP-coated membranes, charge-selective separation has also been reported for diblock copolymer membranes.^[@ref21]^ Similarly, this responsive behavior can be used as an effective cleaning step, where a change in membrane surface properties allows easy detachment of fouling agents. This means that membrane cleaning can be achieved using much lower quantities of chemical cleaning agents.

In this work, the soluble-to-insoluble transition for P4VP that is present with varying pH (that also exists for many other weak polyelectrolytes) is exploited to prepare porous membranes in a water-based approach. The membranes consist entirely of P4VP and are made by using the aqueous phase separation (APS) approach in which water acts as both the solvent and the nonsolvent for the polymer. Membranes can be prepared with great control over their properties, and we study in detail the membrane properties of a microfiltration and a nanofiltration type membrane prepared in this way. The P4VP, which makes up the membranes, retains its pH- and salt-responsive properties, and variations in cross-link density can be used to control the extent of the responsive behavior. This work thus provides a clear approach for the preparation of membranes with advanced properties without the need for toxic solvents.

Results and Discussion {#sec2}
======================

This section is divided into three main parts. First, the aqueous phase separation (APS) process used to prepare the P4VP membranes is presented and discussed together with covalent cross-linking steps used to improve the chemical and mechanical properties of the membranes. Second, the preparation, morphology, and performance of symmetric porous membranes are discussed. Third, the preparation of asymmetric membranes with dense top layers supported by porous support substructures is discussed along with some performance characteristics. We will show that the water-based APS process is well-suited to preparing membranes with a variety of structures and that it can offer a sustainable alternative to the solvent-based NIPS process.

Membrane Fabrication by Aqueous Phase Separation {#sec2.1}
------------------------------------------------

Flat sheet P4VP membranes were prepared by the novel aqueous phase separation process, in which a thin film of polymer solution at low pH is immersed in an alkaline coagulation bath. The APS process is shown schematically in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. P4VP is a weakly basic polyelectrolyte with an effective p*K*~a~ of 4.5--5.0^[@ref14],[@ref15]^ that dissolves in aqueous solutions at low pH due to protonation of the of the pyridinyl nitrogens within the repeating units. At high pH, the charge of P4VP is neutralized and the polyelectrolyte precipitates. This switch in polymer solubility as a function of pH can be exploited to prepare membranes. For the specific APS approach used in this work, a thin film of acidic P4VP solution is cast onto a nonwoven mesh supported by a glass plate and then immersed in an alkaline coagulation bath. After immersion, an immediate exchange takes place where the alkaline bath neutralizes the acidic casting solution and thus the charge of the polyelectrolyte. In the bath, the polyelectrolyte begins to precipitate, and at a given point the polyelectrolyte solidifies, forming the membrane matrix. The compositions of both the polymer casting solution and coagulation bath were fine-tuned to achieve the optimal membrane cross-section structures and homogeneity (uniformity across the membrane surface area). The polymer concentration, acid type, and amount as well as the pH of the coagulation bath were all varied systematically. The importance of these factors will be discussed in the following sections, and akin to the traditional NIPS process, the polymer concentration and phase separation time are important in governing the final structure of the P4VP membranes.

![Schematic depiction of the aqueous phase separation (APS) approach. First, the polymer (P4VP) is dissolved in one pH regime (low pH for P4VP) and cast into a thin film. Next, the thin film is immersed in a coagulation bath at a second pH regime (high pH for P4VP). The fluid film precipitates and solidifies into the membrane structure. Control over the precipitation allows for the formation of both symmetric and asymmetric films.](ap9b01006_0001){#fig1}

Symmetric Membrane Preparation, Morphology, and Performance {#sec2.2}
-----------------------------------------------------------

Before the most successful membranes were obtained ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), many parameters were explored. Polymer concentration was one factor studied in the preparation of the symmetric membranes. Polymer concentrations in the casting solution less than 17 wt % resulted in membranes that were inhomogeneous or patchy. Here the solution viscosity is too low, and the cast film breaks apart in the coagulation bath during precipitation. Polymer concentrations of 20, 22, and 25 wt % produced much more homogeneous membranes, and 20 wt % was found to produce the most consistent and reproducible membranes. Above 25 wt % of polymer, the casting step became difficult due to the high viscosities of the casting solutions.

![Top panel: scanning electron microscopy images of the non-cross-linked P4VP symmetric membrane: (a, b) cross-section view at magnification of ×1000 and ×3000, respectively, and (c) top view at magnification of ×10000. Bottom panel on left: (d) zeta-potential measurements as a function of pH (5 mM KCl) for the non-cross-linked membrane (yellow ◇) and the "low" (blue ○) and "high" (red △) cross-link extent membranes. Symbols are the average and error bars the standard deviation of two distinct measurements. Bottom panel on right: pure water flux of (e) the non-cross-linked (yellow ◇) membrane and (f) membranes cross-linked to varying extents: "low" (blue ○), "medium" (green □), and "high" (red △) as a function of transmembrane pressure (TMP). All water flux measurements were performed from 0.5 bar of TMP progressively up to 4 bar of TMP. The dashed arrow in (e) and the solid symbols in (e, f) represent the pure water flux measured at 1 bar of TMP after 4 bar of TMP was reached. For all water flux data, the symbols are the average of three distinct measurements on separate membrane samples, and the error bars are the standard deviation of those measurements.](ap9b01006_0002){#fig2}

Another factor investigated was the difference in pH between the casting solution and the coagulation bath. In principle, this pH difference drives the exchange of H^+^/OH^--^ occurring within the cast polyelectrolyte film, which in turn leads to the precipitation of the polyelectrolyte. Therefore, this factor will determine the precipitation speed of the polymer and thus the structure of the resultant membrane. Varying the acidity of the casting solution by changing the amount of hydrochloric acid had little effect on overall membrane structure and homogeneity (for a given bath condition). However, the addition of acetic acid (a weak acid) to the casting solution, in combination with hydrochloric acid, substantially improved the cross-section structure and reproducibility of the membranes. It is believed that the buffering capacity of acetic acid assists in controlling the phase separation process. Acetic acid is a green solvent^[@ref24]^ that can be produced in a sustainable fashion in biorefineries and that can be easily recovered from water streams.^[@ref25]^ The final casting solution composition used to prepare the symmetric membranes is presented in the [Experimental Methods](#sec4){ref-type="other"} section.

Varying the alkalinity of the coagulation bath had a much more noticeable impact on overall membrane cross-section structure and homogeneity. At bath pH values of 12.5 and 12.7 (NaOH concentrations of 0.032 and 0.05 M), the precipitation was slow (\>15 min) and the membrane surface was inhomogeneous. The precipitation was faster (∼3 min) at higher bath pH values---as expected, since the driving force for precipitation is greater at higher bath pH (for a given casting solution composition). However, at bath pH values of 13.3 and 13.5 (NaOH concentration of 0.2 and 0.316), the faster precipitation of the polyelectrolyte also produces inhomogeneous membranes. The optimal coagulation bath pH, for the selected casting solution, was found to be pH 13.0 (NaOH concentration of 0.1 M), and these conditions led to symmetric films.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c presents the scanning electron microscopy (SEM) cross section (a, b) and top surface (c) images of the film/membrane prepared by using the optimized casting solution and coagulation bath conditions. The membrane is symmetric with a porous nodular structure. The mean pore size was measured by capillary flow porometry and was 0.78 ± 0.04 μm, which means that the membrane resides in the microfiltration category. During pure water flux measurements on the non-cross-linked membranes, the water flux decreases as a function of transmembrane pressure (discussed in detail later). This behavior can be attributed to pore or structural compaction due to the water pressure experienced by the membrane. To overcome these performance issues, the symmetric P4VP membranes were chemically cross-linked to improve their mechanical strength. Three different cross-linking extents were achieved by varying the concentration of cross-linking reagent present during the cross-linking reaction from 0.5 to 2.0 and last 4.0% v/v for "low", "medium", and "high" cross-link extents, respectively. Increasing the cross-linker concentration resulted in membranes with progressively smaller mean pore sizes as measured by porometry from 0.78 ± 0.04 μm for the non-cross-linked membrane to 0.50 ± 0.05 μm for membrane cross-linked with 0.5% v/v cross-linker ("low" cross-link extent) and to 0.23 ± 0.03 μm for the membrane formed with 4.0% v/v cross-linker ("high" cross-link extent).

The cross-linking reaction occurred between two pyridine groups in the P4VP membrane and is thus a quaternization reaction. Therefore, with every successful cross-link, two positively charged quaternary pyridine groups are formed, which is seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d through zeta-potential measurements performed on the membranes. Quaternary amines are known for their high chemical stability and are stable against oxidative cleaning agents such as hypochlorite.^[@ref26]^ It is also possible that in some cases only one end of the cross-linking molecule reacted, which would result in grafting of the cross-linker molecules. This scenario would not result in cross-linking, but the membrane charge would still increase as one pyridine group would become quaternized. From [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, the non-cross-linked P4VP membrane has a pH-dependent zeta-potential---negative at high pH and increasingly more positive with decreasing pH. The non-cross-linked membrane dissolves at pH values \<4.0 (below the effective p*K*~a~ of P4VP) and is also solubilized by alcohols (ethanol and isopropanol) due to favorable hydrogen-bonding interactions.^[@ref16]^ For the "low" cross-link extent membrane, the surface charge is more positive at higher pH values compared to the non-cross-linked membrane, suggesting quaternization of the pyridine groups. The "high" cross-link extent membrane has a positive zeta-potential (on average +50 mV) from pH 10 to pH 4, suggesting substantial quaternization and therefore significant cross-linking. For both the "low" and "high" cross-link extent membranes, at pH values \<4.0, the pyridine residues that have not undergone cross-linking become charged (below the effective p*K*~a~ of P4VP), and consequently the measured zeta-potential increases substantially (pH-responsive surface charge). Significantly, all of the cross-linked membranes no longer dissolve in acidic water and alcohols because the covalent cross-linking maintains the structural integrity of the membrane. Across the pH range studied, no visible swelling of any cross-linked membranes was observed. As will be shown in the next section, varying the degree of cross-linking is an important control parameter to tune the water permeance and magnitude of the responsive properties of the P4VP membranes.

[Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e and [2](#fig2){ref-type="fig"}f present the pure water flux as a function of transmembrane pressure (TMP) for the non-cross-linked and cross-linked P4VP membranes, respectively. The non-cross-linked membrane experienced irreversible structural (pore) compaction as shown by the drastic decrease in flux with increasing applied pressure beyond 0.5 bar. Importantly, for all the chemically cross-linked membranes, pure water flux increases as a function of pressure. The flux increase is linear as a function of applied pressure for the "low", "medium", and "high" cross-link extent membranes, and thus no structural compaction was observed over this pressure range (up to 4 bar, which is beyond the standard operating pressure for these class of membranes^[@ref4]^). The pure water permeance of the cross-linked membranes is 930 ± 510, 580 ± 50, and 250 ± 80 L m^--2^ h^--1^ bar^--1^ for the "low", "medium", and "high" cross-link extents, respectively. These values are expected for membranes in the ultra- to microfiltration range. Increasing the extent of cross-linking results in a progressive decrease in the pure water permeance, which is not surprising as the swelling of the polyelectrolyte matrix is reduced at higher cross-link extents, leading to smaller pore sizes.

An important application for microfiltration and ultrafiltration membranes is the removal of suspended oil from industrial wastewater.^[@ref27]^ In addition to the pure water permeance measurements, the separation of oil droplets from water was investigated for the "high" cross-link extent membrane by using a SDS-stabilized hexadecane-in-water emulsion. The mean oil droplet size was 3--4 μm.^[@ref28]^ The retention of hexadecane droplets was high at 96.6 ± 1.2% (data from three distinct measurements). Fouling experiments using the same oil-in-water emulsion revealed the self-cleaning capability of the P4VP membrane in response to a simple pH switch; the data are presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Fouling resulted in a drastic decrease in water flux with a water permeance recovery of only ∼20%. Cleaning of the membrane by soaking in a pH 7 solution of 5 mM NaCl was largely ineffective with the water permeance recovery only slightly improving to be ∼40%. After cleaning in an acidic solution of pH 3 (5 mM NaCl), the water permeance recovery substantially increased to be ∼90%. Switching to pH 3 results in an increase in the surface charge (see zeta-potential measurements in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) of the cross-linked P4VP membrane and therefore its hydrophilicity; this combination of effects is most likely responsible for the desorption of the hydrophobic oil droplets (i.e., self-cleaning response). These data ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) nicely demonstrate the pH-responsive self-cleaning ability of the P4VP membrane prepared by APS and are in line with the cleaning behavior of P4VP pore-filled membranes.^[@ref29]^

###### Self-Cleaning Response to pH of the "High" Cross-Link Extent P4VP Membrane

  membrane condition   water permeance (L m^--2^ h^--1^ bar^--1^)   water permeance recovery (%)
  -------------------- -------------------------------------------- ------------------------------
  fresh                210 ± 20                                      
  fouled               40 ± 10                                      ∼20
  post pH 7 clean      85 ± 10                                      ∼40
  post pH 3 clean      190 ± 25                                     ∼90

The pH- and salt-responsive water permeance was studied for the "low" cross-link extent membrane. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a presents the pH-responsive water permeance measured for 0.005 mM NaCl solutions (water flux was measured at a TMP of 1 bar, and before these measurements pure water filtrations were performed at 4 bar for 30 min). At pH 9.0 and pH 5.5 (pH \> effective p*K*~a~ of P4VP) the permeance is the same as in pure water (within error), as expected for the weakly basic P4VP since the polymer and hence overall membrane charge from P4VP protonation is low. At pH 4.25 the permeance increases slightly (from ∼900 to ∼1000 L m^--2^ h^--1^ bar^--1^), while at pH 3.0 (pH ≪ effective p*K*~a~ of P4VP) the permeance increases substantially compared to that measured at pH 5.5 (from ∼1000 to ∼1600 L m^--2^ h^--1^ bar^--1^, an increase of ∼85%). At low pH, the weakly basic pyridine groups are protonated, and the increased electrostatic repulsion between the charges together with swelling due to counterion and solvent absorption results in an increase in the effective pore size of the membrane and thus the higher permeance values. Importantly, cross-linking restricts the amount of swelling, and the membrane and water permeance is stable. This pH-induced swelling of the membrane is similar to the swelling response of cross-linked spin-coated P4VP thin films reported by Harnish and co-workers.^[@ref30]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows the influence of ionic strength on the permeance at a fixed pH of 3.0 (measured at TMP of 1 bar). With an increase in ionic strength from 0.005 to 0.05 M, the permeance does not change. However, at 0.5 M, the permeance drops, which can be attributed to greater charge screening at higher ionic strengths that results in a reduction in the swelling and hence a decrease in the effective pore size of the membrane.

![Water permeance of the "low" cross-link extent P4VP membrane to (a) changes in pH at fixed NaCl concentration of 0.005 M and (b) changes in ionic strength at fixed pH of 3.0. All measurements were performed at 1 bar of TMP from high to low pH and from low to high NaCl concentration. (c) pH-triggered permeance increase (%) observed for pH 3.0 (in 0.005 M NaCl background electrolyte) compared to pure water as a function of cross-linking extent. All data are the average of three distinct measurements on separate membrane samples, and the error bars are the standard deviation of those measurements.](ap9b01006_0003){#fig3}

The influence of cross-linking extent on the magnitude of the pH response of the membrane upon switching to pH 3 was also investigated. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c shows the percentage increase in water permeance observed at pH 3.0 (in 0.005 M NaCl) compared to the permeance measured in pure water for the three different cross-linking extents. At "low" cross-link extent, the permeance increases by ∼85% at pH 3. The magnitude of the pH-triggered increase in permeance is much less for higher cross-linking extents: ∼28% and ∼7% increase in permeance for the "medium" and "high" cross-link extent membranes, respectively. The degree of cross-linking can thus be used to tune the responsive properties of the membrane. This provides a useful additional tuning parameter to optimize membranes produced by APS toward a specific application.

Clearly with the APS approach used here we can prepare porous membranes that show good separation properties. Moreover, the chemical and mechanical stability can be guaranteed by cross-linking, which even allows additional control over membranes properties including the responsiveness of the membrane. Still, an important feature of the traditional NIPS process is its excellent control over membrane structure, allowing a variety of membranes to be produced with a single approach. It becomes important to show that also APS allows this control over membrane structure by preparing asymmetric and much denser membranes.

Asymmetric Membrane Preparation, Morphology, and Performance {#sec2.3}
------------------------------------------------------------

For the preparation of asymmetric membranes, the polymer concentration in the casting solution was 20 wt %---the same amount used for preparing the symmetric membranes. The major differences between the preparation of the symmetric and the asymmetric membranes is that for the latter the pH of the coagulation bath was higher and the amount of acetic acid in the casting solution was greater.

As discussed earlier, increasing the pH difference between the casting solution and the coagulation bath increases the driving force for precipitation, and therefore shorter precipitation times should be expected. This is indeed the case for when the pH of the coagulation bath is increased progressively from pH 13 up to pH 14 (0.1 M up to 1 M NaOH). However, when the same casting solution is used to prepare the symmetric membranes, increasing the bath pH results in inhomogeneous films in which more than half of the cross-section structure is completely dense. These films were unsuitable to be used as membranes. To overcome this issue, changes in the composition of the casting solution were made. The first result to note is that varying the concentration of hydrochloric acid in the casting solution did not improve the structure of the resultant films. Next, it is important to recall from the preparation of symmetric membranes, that the addition of acetic acid to the casting solution significantly improved the structure and homogeneity of the films. Therefore, casting solutions with no hydrochloric acid and only acetic acid were prepared and studied. The lowest acetic acid concentration that resulted in a homogeneous (single fluid phase) casting solution was 8 wt %. However, the resultant films had very thick (\>20 μm) dense top layers. Increasing the concentration of acetic acid in the casting solution results in films with progressively thinner dense top layers, and indeed this trend can be observed by following the SEM images in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. For 20 wt % acetic acid ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b) the thickness of the top layer is ∼15 μm. For 30 wt % acetic acid ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c,d) the thickness of the top layer decreases to ∼10 μm. At 40 wt % acetic acid ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e,f) the thickness of the dense top layer decreases further to ∼2 μm, which importantly is within the thickness range seen for the separation layers of typical nanofiltration membranes. It is postulated that the buffering capacity of acetic acid acts to control the phase separation process. Consequently, at higher acetic acid concentrations, increasingly more porous films are formed.

![SEM cross-section images of asymmetric membranes prepared from casting solutions with increasing concentration of acetic acid (a, b) 20 wt %, (c, d) 30 wt %, and (e, f, g) 40 wt %. Left images of the pair are cross sections at ×1000 magnification for (a, c) and ×500 magnification for (e). Right images of the pair are higher magnification at ×2500 for (b, d) and ×5000 for (f). The inset (g) is a top surface image of that membrane at ×10000 magnification. (h) Pure water flux as a function of TMP and (i) calcein retention (at TMP of 3 bar) for the non-cross-linked and cross-linked 40 wt % acetic acid membranes. All data are the average of three distinct measurements on separate membrane samples, and the error bars are the standard deviation of those measurements.](ap9b01006_0004){#fig4}

The asymmetric membrane prepared by using 40 wt % acetic acid in the casting solution was selected for further studies since the thickness of the dense top layer was low (∼2 μm by [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f), and SEM images ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g) show that the top of the film was defect-free (within the resolution of the SEM). The pure water flux of the non-cross-linked and cross-linked 40 wt % acetic membranes were measured as a function of transmembrane pressure, and the results are presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}h. Starting with the non-cross-linked membrane, the water flux increases with higher pressures, and this behavior is linear up to 2 bar of applied pressure. Beyond 2 bar of pressure, the increase in water flux is no longer linear and the size of the error bars increases substantially. This reveals again that the non-crosslinked membrane suffers from structural instabilities, and most likely defects form in the top layer, at increased pressures. To address this problem, the asymmetric films were also subjected to chemical cross-linking. After cross-linking, the flux increases linearly with pressure (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}h). The pure water permeance of the cross-linked membrane is 2.2 ± 0.2 L m^--2^ h^--1^ bar^--1^ (average for three distinct measurements on separate membrane samples). The combination of the SEM images ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e--g) and water permeance value for the 40 wt % acetic acid membrane suggests that it resides in the nanofiltration category, albeit the water permeance is lower than many commercially available nanofiltration membranes. To further study the performance of this membrane, the retention of the small organic molecule calcein (*M*~w~ of 623 Da) was studied (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}i). The average retention of calcein for the non-cross-linked and cross-linked membranes was 68 ± 9% and 94 ± 2%, respectively supporting the claim that these membranes have the qualities of nanofiltration membranes. The results in this section nicely show the adaptability of the APS approach. With APS it is possible to prepare not only symmetric porous membranes but also asymmetric membranes with dense separation layers---all from a single polymer and significantly without the need for aprotic organic solvents.

Conclusions {#sec3}
===========

The production of polymeric membranes is currently dominated by NIPS---a simple and powerful approach to prepare membranes with great control over membrane structure. However, NIPS is heavily reliant on unsustainable, expensive, and toxic aprotic solvents such as NMP. We propose, as an alternative, a novel water-based phase inversion approach (termed APS) that provides similar control over membrane structure. Moreover, the very nature of this approach produces membranes with responsive properties that allow for easy membrane cleaning.

The APS approach was used to prepare P4VP membranes with a porous symmetric structure exhibiting pure water permeance (250--900 L m^--2^ h^--1^ bar^--1^) and retention characteristics for the ultra- to microfiltration ranges. Covalent cross-linking was used to improve chemical and mechanical stability. Irreversible structural compaction was observed for the non-cross-linked symmetric membranes under applied water pressure, but importantly this problem was eliminated through covalent cross-linking that furnished membranes with stable pure water permeance up to 4 bar of transmembrane pressure. With higher cross-link extents, the measured pore size and pure water permeance progressively decreased showing that cross-linking degree can be used to tune membrane performance. An excellent retention of *n*-hexadecane droplets (∼97%) from a hexadecane-in-water emulsion was found. Moreover, the membranes were found to be self-cleaning in response to pH, due to the responsive properties of P4VP, with a water permeance recovery of \>90% after immersion in a pH 3 solution. Indeed, pH- and salt-responsive permeance behavior of the cross-linked symmetric membranes was found with higher permeant fluxes observed below pH 4 where P4VP becomes charged. The magnitude of the permeance increase triggered at low pH decreased with higher cross-linking extents, showing again that the cross-linking is an adjustable parameter to tune membrane properties; in this case its degree of responsiveness. It was also demonstrated that APS provides substantial control over membrane structure. By tuning the acetic acid content in the casting solution, we could also prepare stable asymmetric membranes with water permeance (2.2 ± 0.2 L m^--2^ h^--1^ bar^--1^) and retention (94% Calcein) values characteristic for nanofiltration membranes.

The APS approach presented here is a simple and scalable approach that gives a large degree of control over membrane structure. It thus demonstrates all the advantages of traditional NIPS, but in a much more sustainable fashion without requiring toxic aprotic solvents. Moreover, the APS approach naturally results in responsive membranes, with the degree of cross-linking determining the extent of the responsive behavior. We thus see the APS approach as an important tool toward more sustainable membrane preparation. While we have shown that APS works for P4VP we expect that this approach can be extrapolated to many other responsive polymers, allowing for many novel and sustainable membranes to be prepared in the near future. Performing APS with, for example, polyacids will allow water-based chemical cross-linking methods to be used---a step toward making APS a completely aqueous approach.

Experimental Methods {#sec4}
====================

Materials {#sec4.1}
---------

Poly(4-vinylpyridine) (P4VP, *M*~w~ = 200 kDa) was purchased from Scientific Polymer Products Inc. (Ontario, Canada) and used without further purification. Hydrochloric acid (fuming, 37%, ACROS Organics), acetic acid (glacial, ≥99.9%, Merck Millipore), sodium hydroxide (≥97%, Merck Millipore), potassium chloride (≥99%, VWR International), sodium chloride (≥99%, Akzo Nobel), *n*-hexane (≥96%, Merck Millipore), 1,4-dibromobutane (99%, Merck), sodium dodecyl sulfate (SDS, ≥99%, Merck), *n*-hexadecane (≥99%, Merck Millipore), and the fluorescent molecule Calcein (Sigma-Aldrich/Merck) were used as received.

Membrane Preparation and Cross-Linking {#sec4.2}
--------------------------------------

P4VP was added to a solution of water and acid (hydrochloric acid and/or acetic acid) and stirred for several hours (using a magnetic stirrer bar) until fully dissolved, making the homogeneous membrane casting solutions. Final compositions used herein are given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Composition of the Final Membrane Casting Solutions

                                                      concentration (wt %)             
  --------------------------------------------------- ---------------------- ---- ---- ----
  P4VP                                                20                     20   20   20
  water                                               67                     60   50   40
  hydrochloric acid[a](#t2fn1){ref-type="table-fn"}   6.5                               
  acetic acid                                         6.5                    20   30   40

In terms of 100% HCl.

To prepare all the membranes, the given polymer casting solution was poured onto a nonwoven fabric (poly(phenylene sulfide)) supported by a glass substrate, and a thin film of polymer was formed by using a manual film applicator with a gate height of 300 μm. Immediately afterward, the cast polymer film was carefully transferred, through gentle submersion by hand, to the bottom of an alkaline coagulation bath (pH 12.5--14.0, 0.032--1 M NaOH) where the phase inversion process took place forming the symmetric or asymmetric membranes. The membranes were left in the coagulation bath for 30 min. The precipitated and solidified polymer film was transferred to a deionized water bath (pH 5.5) for rinsing and storage.

A selection of the membranes were subjected to a chemically cross-linking process. To achieve this, the membranes were first dried overnight in air, then transferred to a sealable glass vessel, and last immersed in a solution of hexane containing the cross-linking agent 1,4-dibromobutane: at concentrations of either 0.5, 2.0, or 4.0% v/v to achieve the "low", "medium", or "high" cross-link extent symmetric membranes, respectively. The asymmetric membranes were cross-linked with 4.0% v/v of the cross-linking reagent. The solution was heated to 50 °C with slow stirring by using a magnetic stirrer bar; a temperature sensor was immersed in the solution to control the heating. The cross-linking reaction was allowed to proceed for 1 h. Afterward, the cross-linked membranes were rinsed with hexane, followed by ethanol, and last deionized water before being placed in a deionized water bath (pH 5.5) for storage. While the cross-linking approach used is simple and successful, we do acknowledge that the cross-linking agent and solvent used are toxic. However, importantly, the quantity of solvent and cross-linker used is very small, and its usage does not lead to a polluted wastewater stream, which is the case for the solvents used in the traditional NIPS process. In a continuation of this work, alternative cross-linking strategies using greener molecules and solvents are being explored.

Morphology Characterization {#sec4.3}
---------------------------

Scanning electron microscopy (SEM, JEOL JSM-6010LA and JEOL JSM-7610F, operated at an acceleration voltages of 5 and 2 kV, respectively) was used to study the morphology of the polymeric membranes. For cross-section analysis, the samples were fractured in liquid nitrogen, mounted in cross-section holders with adhesive carbon tape, and dried overnight in a vacuum oven at 30 °C. Before SEM analysis, the samples were coated with a 10 nm conducting layer of chromium using a Quorum Technologies Q150T sputter coater.

Water Permeance {#sec4.4}
---------------

The flux (L m^--2^ h^--1^) of pure water and various pH-controlled salt solutions through the P4VP membranes (ϕ 25 mm) were measured at different transmembrane pressures, ranging from 0.5 to 4 bar, at 20 °C, using a dead-end filtration setup. Transmembrane pressure (TMP) is defined as the difference in pressure between the feed and permeate side of the membrane. At each pressure, data were collected for at least 15 min after a steady-state flux was achieved. Water permeance (L m^--2^ h^--1^ bar^--1^), defined as the flux divided by the TMP, was calculated for each measurement. The reported flux and permeance values are the average of at least two measurements, and the standard deviation of the repeats gives the error bars. For each measurement, the membrane was on top of a nonwoven fabric to provide additional mechanical support. The nonwoven fabric had a mesh size of \>100 μm and therefore a significantly higher permeance (∼7.5 × 10^6^ L m^--2^ h^--1^ bar^--1^) than the P4VP membranes. Consequently, it was assumed that the nonwoven support had no influence on the obtained permeance results. To investigate the pH and salt response of the P4VP membranes, dead-end filtration measurements were performed with 0.005 M (pH 3.0, 4.25, 5.5, and 9.0), 0.05 M (pH 5.5), and 0.5 M (pH 5.5) sodium chloride solutions in addition to the pure water (pH 5.5). Here, pH adjustments were made using a minimal volume of 1 M HCl or 1 M NaOH solutions.

Oil Retention, Membrane Self-Cleaning, and Calcein Retention {#sec4.5}
------------------------------------------------------------

To study retention for the symmetric porous membranes, an oil-in-water emulsion of hexadecane-in-water stabilized by sodium dodecyl sulfate (SDS) was used. A stock emulsion was prepared and then diluted immediately before the filtration measurements. The stock emulsion was prepared by mixing 2 g of hexadecane and 0.02 g of Oil Red O dye with a 463 mg/L SDS aqueous solution by using a dispersing mixer (IKA T25 digital Ultra-Turrax with S25N 18G element) for 10 min at 14000 rpm. Before filtration measurements, the stock emulsion was diluted to contain 100 mg/L of hexadecane. The mean oil droplet size of the emulsion was 3--4 μm.^[@ref28]^ The concentration of SDS was chosen to be below the critical micelle concentration (cmc) to avoid micelle formation (cmc of SDS is ∼2400 mg/L). Separations were performed at TMP of 0.5 bar. The separation was allowed to stabilize for 15 min before collection of the permeate to ensure that adsorption to the membrane does not affect the separation data. Subsequently, ∼10 mL of permeate was collected. Feed, retentate, and permeate were analyzed by ultraviolet--visible spectroscopy at 521 nm (UV-1800 Shimadzu). Oil retention was determined via the relationshipwhere *A*~p~, *A*~r~, and *A*~f~ are the absorbance values measured for the permeate, retentate, and feed, respectively. A calibration line was made from the stock emulsion by series dilution. For this concentration range (0--2000 mg/L), the Beer--Lambert law applied. Here the relationship between the absorbance of the solutions and concentrations of the absorbing species was linear. The reported retention value is the average of four measurements (two measurements on two different membrane), and the error bar is the standard deviation of the four measurements.

To investigate membrane self-cleaning performance, fouling experiments were performed by using the same oil-in-water emulsion. First, the pure water flux was measured for 30 min. Next, the fouling experiments were performed using 100 mg/L of the emulsion for 30 min. The fouled membrane was removed and placed in the cleaning solution, either pH 7 or pH 3 5 mM NaCl, for 15 min with slow stirring. Afterward, the pure water flux was measured again. The self-cleaning capacity is expressed as water permeance recovery, which is calculated from the pure water permeability before and after the fouling experiments. Water permeance recovery (%) = (*P*~initial~/*P*~fouled~) × 100, where *P*~initial~ is the water permeance of the fresh membrane and *P*~fouled~ is the water permeance of the fouled membrane.

Calcein (also named Fluorexon, *M*~w~ = 623 Da) retention was measured for a selection of the asymmetric P4VP membranes. A feed concentration of 10 μM was used. Filtrations were performed for 2 h, and then the permeate was collected and analyzed. The initial 2 h of filtration before collection of the permeate was performed to help eliminate the effect of calcein adsorption to the membrane on the reported retention values. The feed, retentate, and permeate were measured with a fluorometer (Qubit 4 fluorometer, Invitogen). For the concentration range studied, the fluorescence intensity was directly proportional to the concentration of calcein, and therefore the retention was calculated by using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.

Porometry {#sec4.6}
---------

The membrane pore size distribution was characterized by using a Porolux 500 capillary flow porometer (IB-FT GmbH, Berlin, Germany) for the symmetric porous membranes. Before each measurement, the membranes (ϕ 25 mm) were immersed for 15 min in perfluorotributylamine (Fluorinert FC-43, 3M Belgium). Measurements were performed from 0.1 to 6.0 bar of applied nitrogen pressure. Reported values for mean pore size are the average of at least two measurements with the standard deviation of the repeats used for the error bars.

Zeta-Potential {#sec4.7}
--------------

The membrane zeta-potential was studied by using a SurPASS electrokinetic analyzer (Anton Paar, Graz, Austria). The zeta-potential was calculated by measuring the streaming current as a function of pressure, in 5 mM potassium chloride solution, via the expressionwhere ζ is the zeta potential (V), *I* is the streaming current (A), *P* is the pressure (Pa), η is the dynamic viscosity of the electrolyte solution (Pa·s), ε is the dielectric constant of the electrolyte, ε~0~ is the vacuum permittivity (F m^--1^), and *l*~s~ (m) and *a*~s~ (m^2^) are the length and cross section, respectively, of the streaming channel.
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